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1. INTRODUCTION

The overall objective of the Interior Noise Reduction subelement of NASA's Advanced
Subsonic Technology program is to develop and wvalidate weight-efficient technology to
minimize cabin and cockpit noise in commercial and general aviation aircraft. The goal of this
development and validation effort is to produce technology capable of yielding a 6 dB overall

interior noise reduction by the year 2001.

To help achieve this goal, two subtasks were conducted by the Boeing Company in 2000-
2001 under Task 14, “Structural Acoustic Prediction and Interior Noise Control Technology,” of
Contract NAS1-97040. One of the subtask involved development of finite-element based
prediction models and validation of the models with test data, while the other subtask involved

development and laboratory testing of smart foam for noise control treatments.

The next section of this report describes the development of a finite-element code for
modeling and determining response of vibrating structures lined with poroelastic foam. The FE
model was used to predict the structural response and transmission loss of a double wall panel,
simulating a structure with a trim panel, and treated with passive foam. Comparison of these

predictions with the available data is used to validate the FE method.

Section 3 discusses the results of transmission loss tests with passive and combined
passive/active treatments applied to a 757-sidewall test section. These treatments employ various
designs using "smart foam" elements. Such elements combine acoustic foam for high frequency
passive noise reduction with embedded active piezoelectric elements for low frequency noise
control, and also include an additional distributed mass to provide tuning of the element to

reduce noise in a specific frequency range.

In section 4, a smart foam configuration and overall system design that could be installed on
NASA'’s 757 experimental aircraft for flight-testing is presented. This proposed design 1s based
upon the results of the 757-sidewall tests, combined with the results of earlier NASA-funded
work performed at Virginia Tech in which multiple de-coupled control elements were used

instead of a fully coupled system.



Section 5 summarizes the conclusions of all the subtasks, and provides recommendations

based on the results. References are listed in Section 6.

The appendix contain a description of: (1) stiffness and mass matrices for FE modeling of

poroelastic foam and acoustic media.



2. FINITE ELEMENT MODELING OF SMART FOAM SYSTEM FOR
PASSIVE/ACTIVE NOISE CONTROL

2.1 INTRODUCTION

The smart foam noise control system is designed to reduce sound by a combination of the
passive absorbing component of the poroelastic foam and the active component of the voltage-
driven PVDF (polyvinylidene fluoride) film [1]. In general, the passive foam works well in
middle to high frequencies while the active component provides cancellation for low frequencies.
In combining active and passive concepts, a hybrid noise control methodology is obtained which
allows the control of noise over a wide frequency bandwidth.

The purpose of developing this smart foam finite element model is to provide prediction
capabilities for varied configurations ranging from a single medium, such as structure, air space,
foam and PVDF film, to a system made of coupled multiple media, like the Distributed Active
Vibration Absorber (DAVA) system as mentioned in [2]. In order to achieve this, a three-
dimensional smart foam finite element model was developed to incorporate foam, acoustic,
structural, mass and PVDF elements together to meet the diverse numerical simulations.

The three-dimensional model is based on a previously developed two-dimensional smart
foam system. It has six additional types of elements in the three-dimensional (3-D) space (plate,
beam, in-plane structure membrane, acoustic, poroelastic, and peizoelectric elements), plus their
related coupling matrices for interfacing with the neighboring media. Except for the 3-D PVDF
element and its coupling with poroelastic element, all other elements in the smart foam model
have been validated against known data, as were their corresponding interface coupling matrices.
Those verification cases are detailed in Section 2.5. Although the development of a 3-D PVDF
element will be an ongoing task, the 2-D PVDF element was completely developed and
incorporated with the poroelastic element from a previous work. Also, the feed forward open-
loop control algorithm has been included to the 2-D smart system for implementing the active

control under the current task, and some results will be discussed in a later section.

2.2 FINITE ELEMENT FORMULATIONS

The typical three-dimensional smart foam system without the PVDF film is depicted in

Figure 2.1. The sound absorbing material, either fiberglass or acoustic foam, is inserted into an



air cavity which is enclosed by two elastic plates with arbitrary boundary conditions. The
absorbing material could be bonded or unbonded to the plates. If it is unbonded to the plate,
there will be a thin air gap between plate and the absorbing layer as shown in Figure 2.1. The
double plate system is assumed mounted in a rigid baffle, and one plate is subject to acoustic
excitation and another is radiating sound to the receiving room. Harmonic oscillation (e™) is

assumed for all excitation cases in this report.

2.2.1 Finite Element Formulation for Poroelastic Foam

Porous materials can be described as either rigid framed or elastic framed materials.
Fiberglass and acoustical foams are considered elastically framed porous materials. All of these
materials are heterogeneous in that they are comprised of a solid phase and a fluid phase as
shown in Figure 2.2. The theory used here is similar to [3] as a macroscopic approach. The
basic assumption is that the pore size (d) is much smaller than the macroscopic elementary
volume of porous material (D1). Also, the wavelength (D2) of sound propagating within the
porous medium is much larger than the pore space and the macroscopic elementary volume.

In the following, a Lagrangian approach together with finite element discretization is used to
obtain the discretized equations of motion for a poroelastic medium. For a three-dimensional
poroelastic element, six degrees of freedom per node are used. Three displacement components

are for the solid phase and three others for the fluid phase.

2.2.1.a Poroelastic constitutive equations:

The constitutive equations of poroelastic material describe the stress-strain linear relation

which is based on Biot-Allard model [4, 5], given as

{o,}=[D,{e,} +[Dy e} (2.1)
and
{Gf}:[Df]{gf}+[Dsf]{gs} (2.2)

where {e } = (e}, €, €, 2¢; 2¢’ 2e’ ) and {e,}=(e] €] e/ 2e] 2e/ 2e] )" are the strain

vectors for the solid and fluid phase, respectively, and [Ds], [Df], and [Dsf] are the matrices of the



elastic coefficients related to the solid phase, the fluid phase, and their coupling strain,

respectively. These matrices are written as

(A+2N 4 4
A4 A+2N 4
D= 4 A4 A+2N 23)
0
[D,1=Q{m}{m}" (24)
[D,]1=R{m}{m}" (2.5)

where A and N are Biot’s coefficients corresponding to the Lame’s coefficients in the theory of

elasticity, and A 1is expressed as

v
1-2v

A=2N (2.6)

Q 1s the Biot’s coefficient for the elastic coupling between the solid and fluid phases. R is the
Biot’s coefficient for the bulk modulus of the fluid phase. The strain-displacement relations for

the solid phase and the fluid phase are, respectively,
{e,} =[L]{u} 2.7
{e,}=[L]{U} (2.8)

where [L] is the spatial derivative operator as

ax ay aZ
zr=lo 2 o & 2 (2.9)
oy ox 0z
9 o 9 9
R~




where {u} is the solid phase displacement and {U} the fluid phase displacement.

2.2.1.b Energy density functions

The equation of motion of a poroelastic system can be obtained from the energy functions of
the system. These energy functions consist of the strain, kinetic, dissipation and work energy

done by the applied loads. These energy function are described as follows:

1. Strain energy

The strain energy density for a poroelastic medium is given as

dU:%({GS}T{es} +{o,} e, } ), (2.10)

From the previous material constitutive equations and strain-displacement relations, the strain

energy density term can be expanded into more meaningful expression as,
dU = %(([L]{u})T[DS][L]{u} +2([L 1)) [D, LI (U} + ([L1{u}) " [D, 1L )u}) (2.11)

The coupling between the strains of the frame and the fluid is represented by the middle term in

Eq. (2.11).

2. Kinetic energy

The kinetic energy for a poroelastic medium is given by [5]
dT = L(p, (Y (uy +2p, ()" N U} 2.12
=\ lad {d +2p, (b {U + o {UFUY), (2.12)

where u and U are solid and fluid phase displacements, respectively; p,;and p,, are the
effective Biot’s densities depending on the geometry of the poroelastic frame; p,, is related to

the tortuosity of the frame.



3. Dissipation energy

The dissipation energy is introduced through the dissipation function [3],
1 . : : :
dD=Eb(60)({u}—{U})T({u}—{U}), (2.13)

where b(w)1s a complex and frequency-dependent viscous damping coefficient, and is related to

the flow resistivity and tortuosity of the porous material. Also, the dissipation is proportional to
the relative motion between the solid phase and the fluid phase.
4. External work energy

The external work done by the surface force is given as
dw ={uy" ({f} = h{f, D+ HUY L) (2.14)

where {f,} is the normal force vector. In Eq. (2.14) the first two terms and the last term are

related to the solid and fluid phase, respectively.

2.2.1.c Finite element discretization

The continuous poroelastic system can be mathematically discretized into algebraic form for
numerical computations. In order to do that, the interpolation functions are used to approximate
the macroscopic displacement fields {u} and {U} in terms of their nodal displacements, for

example, the e-th element mesh has the following form
{y* =[N, I{#}* and {U}* =[N, ]"{U} (2.15)

where [N,]° and [N,]are the corresponding shape functions. The three-dimensional

hexahedral shape function is illustrated in Figure 2.3. For an eight-node hexahedral or brick

element, the Lagrange shape functions can be written as

N, =L(+ED T+ (+60) (2.16)



where (§,,m,,8,) represent the coordinates of node i (from 1 to 8) of the element in the
(&,m,¢ ) system. The generalized nodal displacements for the element are represented by the

vector

a=la,. 9, q.s] (2.17)

where each node has six degrees-of-freedom, three for solid phase and three others for fluid

phase displacements.

Substituting Eq. (2.15) into all energy terms in Egs. (2.11)-(2.14), summing those energy
terms and integrating over the element, the discretized equations of motion for the poroelastic

medium are in the matrix form as,

(_wz[[Mss] [Msf]}jw[[css(w)] [Csf(w)]H[Kss(w)] [st(w)]ﬂ{u}: {{Fs}} (2.18)

[M,] [Mg] [Cy(@)] [Cplo)l] |[Ky(@)] Kyl U] |{F

where [M], [C] and [K] are the equivalent stiffness, damping, and mass matrices, and the
subscripts “ss”, “ff’ and “sf” denote solid phase, fluid phase and solid-fluid coupled phases inside
the foam, respectively. The detailed expression of each sub-matrix is given in Appendix 1. In
Eq. (2.18) the damping and stiffness matrices of the poroelastic medium are complex valued and
frequency-dependent. Therefore, the final finite element system matrix is big and its frequency-
dependent sub-matrices need to be calculated at each frequency. In general, the poroelastic

elements occupy a significant portion of the system’s degrees-of-freedom, and they require more

lengthy computations when compared to other medium matrices.

2.2.2 Finite Element Formulation for Acoustical Medium

Consider a volume V enclosed by a surface S. Within the volume the pressure, p, must

satisfy the wave equation

2 o’
Vp+(c—2)p=0, (2.19)



where @ is the angular frequency of vibration and ¢ the speed of sound. On the acoustically hard

surface the normal velocity 1s zero, giving

o/ _
An =0, (2.20)

The solution of the governing equation (2.19) subject to the boundary condition (2.20) can

be written as an equivalent variational principle,
1 , o
8[| (Vb)Y = (=) p’ |dV =0, (221)
72 c

In order to discretize the acoustic domain into classical finite element matrices, a three
dimensional hexahedral shape function similar to poroelastic element (Figure 2.3) is used, which
has only the pressure DOF per node. The pressure distribution is represented by a shape function

p=|NUp} (2.22)

where

{pt=Ip. 0y 0l (2.23)

1s a column matrix of nodal pressure values for the i-th element.
The acoustical finite element formulation for the air cavity is based on Petyt’s model [6].

The matrix equation for the acoustic enclosure is given as

[ [K,] [Ma2]J{P}: ]{g} (2.24)

p.O°  p,C

where [K,] is the stiffness matrix of the acoustic medium, [A, Jthe acoustic mass matrix (those

are detailed in Appendix 2), P is the acoustic pressure, p, the air density, ¢ the sound speed in air

and the {R} the volume displacement of the air.



2.2.3 Finite Element Formulation of Elastic Plate

In deriving the energy functions for a thin plate, it is assumed that the direct stress in the

transverse direction is zero. Also, normals to the middle surface of the undeformed plate remain

straight and normal to the middle surface during deformation.

The kinetic and strain energy of the thin plate are given as [7],

1 "
T,= L ph’dA (2.25)

1o v
U, =5 ], 55 0¥ [Pl b

(2.26)

where

)= az%yz (2.27)

E Ev 0_
1-v> 1-v°
Ev E
D|= 0 2.28
Dl=| = = (228)
0 0 G
The work done by external forces 1s
W =[(p,ou+ p,ovhis (2.29)

where s denotes the boundary of the element.

2.2.4 Finite Element Formulation of Piezoelectric Actuator

The active component of the smart foam system is the PVDF film that is embedded in the

acoustic foam, and the PVDF film is driven by an electrical voltage that causes the film to strain.

10



The in-plane strain of the film is considered aligned with the electrical field and its strain energy

density is expressed [3] as,

1 (auY 1(. du
dV ==Y — | +=|Y— | d,,E 2.30
N E R 230)

where Y 1s the Young’s modulus of the PVDF film, d31 the piezoelectric strain constant, £ the
applied electrical field—voltage/thickness of PVDF.

The kinetic energy density of the in-plane motion of the PVDF film is described by

dT = %mLiﬂ (2.31)

where my, is the mass per unit length of the PVDF film and # the axial velocity.

For numerical computation, the piezoelectric energy equation is discretized into matrix form via

shape functions, [N]°. The displacement field of the PVDF film, {u/}, is in terms of the nodal

displacement {z}* for the ¢” element,

Wuf =[N, (2.32)

For a two-dimensional piezoelectric film element the shape function is written as,

v, | = [% %J (233)

and the three-dimensional shape function is

IV F =2[0-8)@-n). (+&) @ -n), 1+&) (+n), 1-&) (1+n)] (234)

where & and 1 are finite element natural coordinates in x and y axes, respectively.

Substitutions of equations (2.33) and (2.34) into (2.30) and (2.31), the equation of motion

for a piezoelectric actuator element is therefore, given by
(x1- 0 [M]){u}={F} (2.35)

11



where [K] and [M] are, respectively,

[K]= LYaa—u[Nu]%[Nu] dr (2.36)
(M]=[p[v,1[,] dr. (2.37)

The force vector is driven by a given voltage described as
)
{F}=vd, E] —[N}dr (2.38)
T Ox

Since the PVDF film is embedded in the acoustic foam, the mass and stiffness matrices and
the forcing vector of the PVDF element will be added to the corresponding degrees of freedom of

the foam.

2.3 FINITE ELEMENT COUPLING CONDITIONS

The coupling conditions involved in the smart foam system are of the following types:
structural-acoustic, structural-poroelastic, poroelastic-acoustic, poroelastic-structural, and

structural-acoustic-poroelastic.

2.3.1 Structural-Acoustic Coupling

The motion of the flexible wall is induced by the external pressure loads, and the motion of
vibrating wall causes the acoustical medium inside the enclosed cavity to oscillate. This

acoustic-structure interaction can be described by the following classical continuity equations [8],

on; =—Pé.n, (2.39)
Lo, (240)

where Wn is the normal displacement of the vibrating structure. The compatibility of the normal
force is ensured in (2.39) and the normal velocity ensured in (2.40) at nodal points at the

interface joining the structural and acoustical system.

12



2.3.2 Structural-Poroelastic Coupling

When the poroelastic system is attached to a plate, there is continuity between the
displacement field of the plate and that of the poroelastic material to be ensured at the nodal

points at their interface. The interface conditions to be satisfied at the interface are [8]

u=w, U, =u, (2.41)

where u» and U» represent the normal displacement of the solid and fluid phases, respectively.
The first equation ensures continuity of the solid displacements, while the second equation the
continuity of the normal component of the acoustical flow. In the problems where rigid
connections between the different media are required, we use the Lagrange multiplier method to
treat constraints. The Lagrange multiplier adds constraint equation to the system but requires
less matrix manipulations compared to the method of eliminating the dependent degrees of

freedom.

2.3.3 Poroelastic-Acoustic Coupling

When the poroelastic material is coupled to a neighboring acoustic system, compatibility of
the normal and shear forces and the continuity of the normal volume velocity should be ensured
at the interface joints. Two types of interface conditions are considered here [8]. The first set of

interface conditions model an open surface and the second set a sealed surface.

2.3.3.a Open surface interface conditions
At an open surface, there are four boundary conditions to be satisfied: two normal stress
conditions, one shear stress condition, and a normal volume velocity condition. Those conditions

are, respectively,

~hp=s (2.42)
~(1-h)p=o0, (2.43)
7, =0 (2.44)
v, = jo(l-h)u, + johU, (2.45)

where h is the porosity of a foam.

13



2.3.3.b Sealed surface interface conditions
When the poroelastic material is bonded to a membrane, there are four boundary conditions
that must be satisfied: one normal velocity condition, two displacement conditions, and a force

condition. These conditions are

v, = joW (2.46)
u, =w (247)
U =W (2.48)
(H)p(t)g, =-0'mW (249)

where I is the membrane transverse displacement, ms is the membrane mass per unit area and q,

is the normal force per unit area exerted on the membrane by the foam.

2.3.4 Actuator -Foam Coupling

In the case where the PVDF film is perfectly bonded to the structure, there are continuity of
displacements between the PVDF film and the foam.

U, =Up, V, =V, (2.50)

where subscripts “a” and “f” denote the actuator and foam, respectively.

24 IMPLEMENTATION OF ACTIVE CONTROL IN SMART FOAM
SYSTEMS

In order to devise an active noise control strategy using smart foam elements, the method of
complex least squares is applied. The acoustic pressure is induced by two factors: external

excitations and control excitations. In a mathematical expression,

{Pt={p.}+[R )i} (2.51)
where,

14



{P} = The total acoustic pressure state vector resulting from external excitations and control

inputs.
{P.} = The acoustic pressure state vector due to external excitations.
[P,] = The acoustic pressure state matrix resulting from unit voltage input to the smart foams

{V} = The unknown voltage input to the smart foams.

In order to compute the unknown voltage input that would minimize the total acoustic
pressure, the following steps are taken. First, the total acoustic pressure vector is set to zero.

Because the total pressure state vector is set to zero, the overall acoustic effect is global.
{1+ [P} }=10} (2.52)

Second, [P,]", the hermitian of [P,], is multiplied to both the {P.} and [P,]. This makes the
resulting control-induced acoustic pressure matrix invertible. Finally, the unknown voltage is

solved. The final expression of the unknown voltage for the global acoustic control is

v i=-pYR )5 R} (2.53)

This 1s an approximate minimization approach because the resulting {P} due to {V} is not
null. When a set of multiple smart foams is used, {V} can be used as a tool to identify the ones

that are more effective than the others.

The next step taken 1s a development of a local control strategy. Mathematically, a pressure

output vector is generated by multiplying Equation (2.51) with an output matrix [C].
1B 1= [C{P} (2.54)

where {Poupu} 15 an output acoustic pressure vector composed of pressures at pre-selected
locations of sensors. It is a subset of the acoustic pressure state vector, {P}. Therefore, the output
matrix [C] extracts the information at the sensor locations from {P}. By substituting Equation

(2.52) into Equation (2.54), the following expression of local minimization voltage is derived.

v =~V crialr ) 2 [c] [cle} (2.55)
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2.5 THE COMPLETE COUPLED FINITE ELEMENT SYSTEM

The completely coupled system consists of structural, acoustic, and poroelastic elements and
their related coupling matrices where interface conditions are established. In this present study,
the 4-noded rectangular element is used for the plate element. This plate element has three
degrees of freedom at each node, namely, the normal displacement and two rotations. As for the
acoustic cavity, the 8-noded isoparametric hexahedron element with one pressure degree of
freedom 1s used. A similar hexahedron element for the poroelastic medium is used, but it has 6
degrees of freedom per node (three translations for the solid phase and three for the fluid phase).
Combining each individual element and their corresponding coupling matrices, the coupled
system is established. For example, in the case of a plate/air/porous/plate configuration, the

coupled system is given as

[ [platel] [p1/ airl] [0] [0] [1T] D, F,

[pi1/ airl] [airl] [fo1/airl] 0] |a | D, F,
0] [fol/airl] [ foam| [fo1/ pn1] Lg| D, F, (2.56)

0] 0] [fo1/pil]  [platel] |:]||D,,| |F,,

i [lagrange  constraint matrix o] [0]_ D, 0

where [platel] and [plate2] are plate system matrices, [foam] the poroelastic matrix, [pll/airl]
the coupling matrix for plate 1 and air cavity 1, same matrix notations applied to [fol/airl] and
[fol/pll]. The Lagrange constraint matrix is utilized for rigid connections between foam and
plate. Due to the frequency-dependent nature of poroelastic material, the foam system matrix
needs to be updated for each frequency, which is the most time consuming portion in the whole

computation process and it happens only to the poroelastic element.

2.5.1 Sound Transmission Loss

The sound transmission loss is evaluated as

I,
TL =10log| =

(2.57)
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where I, = p. / (4p,c) is the normal intensity incident on the panel, P is the space-average,

rms
mean square sound pressure in the reverberation room, and I: is the transmitted normal intensity

averaged over the surface of the test panel.

2.6 NUMERICAL VALIDATIONS AND DISCUSSIONS

The finite element model described in the previous sections was coded in Matlab script
language and executed under the Matlab environment. The sound transmission loss program
based on Rayleigh integral and mesh generator programs were written in C language. Matlab was
chosen to develop the program because of its rich math library and pre-coded control algorithms.
However, Matlab codes are written in script language which may not be executed as fast as

compiled machine codes, such as programs writtrn in FORTRAN, C and C++.

In the following, the program is used to make predictions for foam medium, foam-air
coupled system, and double-panel cases with bonded-bonded foam configurations. The results
are compared with results in the existing literature as a means of validating the finite element

model.

2.6.1 Surface Impedance of Poroelastic Material

The prediction of surface impedance of poroelastic material is used to validate the
poroelastic finite element model. The prediction is compared with an exact analytical calculation
in [10]. The configuration of poroelastic layer is depicted in Figure 2.4a, the material properties
are described in Table 2.1. The glass wool layer is bonded to a rigid impervious wall, and a
normal incidence plane wave of unit amplitude excites the absorbing material. Since the layer is
assumed laterally infinite, only the axial displacement is considered and the lateral displacement
is set to zero. The poroelastic layer is modeled with ten 8-noded hexahedral elements in Figure
2.4b. The finite element prediction provides excellent results when compared with the exact

solution, shown in Figure 2.5, and proves the validity of the developed poroelastic element.

2.6.2 Absorption Coefficient of Poroelastic Material

In order to validate the accuracy of the coupled poroelastic/acoustic finite element model, a

three-dimensional waveguide containing foam and air elements is used, shown in Figure 2.6a.
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The material properties of the foam are listed in Table 2.2. The predicted absorption coefficient
of the foam 1s compared with the result from [7]. In this case, a plane acoustic wave is traveling
toward the foam, and the surface velocity on the foam surface can be calculated from the finite
element model. Once the surface velocity of the foam is predicted, the same approach described
earlier can be used to compute the surface impedance Z». The absorption coefficient is then

obtained through the following equation

2

Z, = PC
Z,+p,c

o=1- (2.58)

In this validation, the finite element prediction is compared with a previously validated 2-D
model, as shown in Figure 2.6b. The previous 2-D finite element has been validated against the
analytical solution in [8]. An excellent agreement between both is obtained, and it validates the

developed coupling matrix between poroelastic and acoustic media.

2.6.3 Sound Transmission through a Double-Panel System

In this section, the validation of the panel vibration and sound radiation is presented. Air is
the only medium inside the double-panel cavity. The finite element model for this air-filled
double-panel is depicted in Figure 2.7a. The normal incidence transmission loss through a
double-panel is used to validate the plate, acoustic elements and their structure-acoustic coupling
matrix all together. The sound transmission loss is based on the Rayleigh’s integral method
which needs the finite element solution of surface velocities of plate 2. Comparison between the
finite element prediction and the published data from [9] is shown in Figure 2.7b, and the good

agreement validates the structure-acoustic finite element model.

2.6.4 Double-Wall Panel with Bonded-bonded Foam

A double-panel system with bonded-bonded foam configuration is presented to study the
coupling between panels and the foam. The foam is assumed perfectly attached to the flexible
panels. Material properties and dimensions are listed in Table 2.3. The finite element model for
this design configuration is shown in Figure 2.8a. A uniform acoustic pressure is applied to plate
1 as the only external force to the system. Plate 2 vibrates and radiates sound caused by the

coupling of foam and plate 1. The finite element prediction is close to the published data [9],
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and differences are less than 5 dB, see Figure 2.8b. This agreement would likely be improved
with a higher mesh density model. When this finite element model is compared with the
previous air filled model the previous one has much higher mesh density than the current model.
Obviously, the foam model needs a higher density than the acoustic system because of its
complex physical mechanism and its 6-DOF node containing both solid and fluid phases.
However, a higher mesh density for this foam model results in a substantial increase in
computation time, so there is a trade between accuracy and speed which must be taken into
account when one makes predictions for FE models with foam elements.

This example can be extended to model a Distributed Vibration Absorber (DAV) system, if
one of the plates bonded to the foam does not have any constraints. A DVA system can be tuned
by varying the mass distribution or stiffness distribution of this plate in order to minimize the
vibration of the structure and therefore reduce the noise. Moreover, if an active PVDF film is

embedded in the foam, a Distributed Active Vibration Absorber (DAVA) is created.

2.6.5 Active Control in a 2-D Smart Foam System

A subsection in the main MATLAB file is created to implement the active control strategies
and a simple case is tested to determine their effectiveness. The tested finite element model 1s
shown in the Figure 2.9. It consists of 3 smart foam elements placed in the bottom of an air duct.
The external excitation is a line volume velocity source of 0.002 m?/s and this represents a noise
source with 80dB SPL. Figure 2.10 shows the response of the duct without any control input at
80 Hz. Figure 2.11 shows the response of the duct after implementing the global control strategy
at 80 Hz. As the two figures indicate, the overall reduction ranges from about 10 to 40 dB.

In order to study the effectiveness of the local minimization strategy, a strip between the
smart foams and the noise source is chosen as a sensor location. Figure 2.12 shows the duct
response after applying {V.}. As the figure clearly indicates, the control strategy is highly
effective in reducing the noise within the chosen zone. And, unlike the global reduction strategy,
the local control effort is clearly more effective in terms of the level reduction within a selected
zone because of the fewer number of the pressure variables to minimize.

To observe the performance of the smart foam elements, the computed applied voltages are

plotted. Figure 2.13 shows the computed voltages for both the global and local control strategies
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in the frequency range from 5Hz to 50 Hz. As expected, the control effort is significantly higher
in the low frequency region for both the strategies. Generally, the local control takes more effort
than global control throughout the frequency range. Also, Foams 1 and 3 show identical trends.
This indicates that the computed voltages actuate the foams in spatially symmetric manners. In
terms of magnitude, the voltage for the Smart Foam 2 shows higher levels for both the control
strategies, thus playing a more critical role in reducing sound pressure than its neighbors.
Consequently, a control strategy can be devised to take advantage of this factor, which would
reduce the overall control level. Finally, the local control strategy shows a modal behavior

around 280 Hz. The cause is still under investigation.

2.7 CONCLUSIONS

In this section, the development of a three-dimensional finite element model for a coupled
PVDF-structure-acoustic-poroelastic smart foam system is described. Predictions can be made
using this smart finite element model for a variety of configurations ranging from systems with
single medium to systems made of elastic, acoustic, and poroelastic media. For a single medium
system, the program predicts surface impedances of the foam, cavity pressures and structural
responses, and for a multiple media coupled system the program can predict sound absorption
coefficients and sound transmission loss for a simple double-panel or that with different foam
lined configurations. A step-by-step approach was taken in building the smart foam finite
element model from individual medium elements to multiple coupled interface matrices along
with their corresponding validations.

Except for the foam lined case which may need refined meshes to improve accuracy, this
finite element model predicts results which agree very well with published data. Those
validations verify implementations of mathematical equations on which the finite element model
is based. In the future, the capability of the smart foam finite element model will be improved to
handle detailed models more efficiently without losing accuracy, by applying techniques such as
DOF reduction of foam elements where lateral DOF’s can be mathematically ignored under

certain conditions.
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The finite element model can be used for other complex boundary conditions, geometries,
excitations, and different liner designs. The smart foam model development will be continued,
and the three-dimensional PVDF element will be developed and integrated in the present foam
system. Further, the design parameters of the smart foam element, including the dimensions,
shapes and material properties of the foam and the PVDF actuator, can be determined by using

this model to achieve the noise reduction in the frequency range of interest.
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Figure 2.1 Geometry of the coupled plate/air/foam/air/plate problem
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Figure 2.4a. Geometry of the surface impedance problem



Figure 2.4b. Finite element model of the surface impedance problem

Table 2.1. Physical properties and dimensions of the glass wool material

Glass wool

Tortuosity 1.06

Solid mass density 130 kg/m’

Flow resitivity 40000 Nm™s
Porosity 0.94

Shear modulus 220(140.1j) N/em®
Viscous characteristic dimension 56 um

Thermal characteristic dimension 110 um

Thickness 10 cm
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Figure 2.5 Comparison of the surface impedance between an analytical model
and the finite element model for the glass wool layer

Table 2.2. Physical properties and dimensions of the Poroelastic foam material

Poroelastic foam

Tortuosity 7.8

Solid mass density 30 kg/m’
Flow resitivity 25000 Nm™s
Porosity 0.90
Young’s modulus 8.0E5 N/em”
Poission’s ratio 04

Loss factor 0.265
Thickness 40.5 cm
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Figure 2.6a. Finite element model of the sound absorption coefficient problem,

foam elements are in dark area, and others are air elements
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Figure 2.6b. Comparison of the absorption coefficient between a previously

validated 2-D finite element model and the current 3-D model
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Figure 2.7a. Finite element model for the air-filled double wall system

Figure 2.7b. Comparison of the normal incidence sound transmission loss through an

and results from [9], - - -

]

9

air-filled double panel between the FE prediction
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Table 2.3, Physical properties and dimensions for a double-panel system

Plates

Width 0.35m
Height 022m
Thickness 0.001 m
Mass density 2814 kg/m"3
Young’s modulus 71 Gpa
Acoustic pressure 1.0 N/m™
Poisson’s ratio 0.33

Loss factor 0.01

Foam

Depth 0.0762 m
Flow resistivity 25000 Nm™
Porosity 0.90
Tortuosity 7.8

Viscous characteristic dimension 93.2 um
Thermal characteristic dimension 93.2 um
Poisson’s ratio 04

Bulk modulus 800 kPa
Loss factor 0.265

Solid mass density 30 Kg/m’
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Figure 2.9 The finite element model for active control implementations
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Figure 2.10 The response of the air duct without control
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Figure 2.11 The response of the air duct with the global control at {=80 Hz

Unit : dB
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Figure 2.12 The response of the air duct with the local control at =80 Hz
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3. SMART FOAM TESTS

The development and testing of an aircraft sidewall treatment using smart foam lining is
discussed in this section. In the first phase, laboratory experiments were conducted on a double
wall panel system to evaluate acoustic performance of several passive and active configurations
of smart foam actuators attached to the base panel. In the second series of tests, active control
using smart foam actuators was implemented on a 757-sidewall section configured with a trim
panel. A multi-input, multi-output (MIMO), filtered-X, feed-forward controller with realistic
reference sensors (e.g., accelerometers) was used to accomplish active control through the smart
foam elements by minimizing the error signal provided by an array of error microphones. The
active control through smart foam actuators significantly improved noise reduction of the

sidewall in the low to mid frequency range (200 — 800 Hz).

3.1 INTRODUCTION

In recent years, there has been an increasing interest in the reduction of sound and/or
vibration by use of hybrid active-passive control techniques. Smart foam is a composite noise
control treatment that consists of a distributed piezoelectric actuator, known as polyvinylidene
fluoride (PVDF), embedded within a layer of partially reticulated polyurethane acoustic foam.
Passive acoustic foams offer a very reliable high frequency sound reduction method. Embedding
piezoelectric actuators in the foam enhances the noise reduction characteristics of the foam
through active control in the low frequency region. The resultant smart foam combines the
inherent mid- to high-frequency passive noise control capability of an acoustical foam treatment
with the low frequency noise control capabilities of an active control system. This active noise
control approach utilizes and integrates the passive sound proofing subsystem as part of the

active system to conserve weight and space.

Bolton et al [11], Fuller et al [1,12,13], have investigated the effectiveness of smart foam
actuators for reducing sound radiation from vibrating panels. In these previous investigations,
smart foam actuators were directly bonded to the vibrating structures and tested for different

excitation fields, such as acoustic and boundary layer noise. Mathur et al [14] examined the
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effectiveness of smart foam lined trim panels in improving transmission loss of a fuselage
sidewall. In the present work, the emphasis is on the design and testing of a configuration of
smart actuators which can be integrated into the noise reduction treatment package of a fuselage

sidewall.

3.2 EXPERIMENTAL SETUP

These tests were divided into two groups: (1) active control of broadband sound radiation
from a flat, stiffened panel and (it) active control tests on the 757 fuselage sidewall. Both of these
configurations incorporated a trim panel, thereby creating a double wall system. In the first tests,
the main objectives were to: (1) investigate the effects of different reference sensors and select
the most effective reference sensor strategy, and (2) optimize controller configuration. The main
objective of the second tests was to incorporate the lessons learned from the first tests to
demonstrate significant active control of broadband noise transmission through a full-scale

fuselage.

In the first series of tests, a flat, stiffened panel was mounted in the test window of a
transmission loss suite consisting of two reverberation chambers at VPI&SU (Virginia
Polytechnic Institute & State University, Blacksburg VA). An illustration of the test setup is
shown in Figure 3.1. Four smart foam actuators were bonded to four sub-panels of the stiffened
panel, see Figure 3.2. A trim panel, attached to the frames of the stiffened panel, created the
double wall system and covered the smart foam actuators. The sound field in the source room
was monitored by 3 microphones placed at random locations. Four microphones were placed in
the double wall cavity. FEight far-field and 4 near-field microphones were used for control and
measurement in the receiving room. Twelve accelerometers, three on each of the four sub-panels

with smart foam actuators, provided realistic reference signals.

In the active control tests, the performance of smart foam was compared with and without
control. The effect of controller configuration on smart foam performance was also investigated.

Several other parameters, such as number and placement of smart foam actuators, reference
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signal and number of control channels, were studied during the tests. The instrumentation layout
for active smart foam tests is shown in Figure 3.3.

In the second series of tests, a sidewall section of a 757 fuselage was mounted in the test
window (see Figures 3.4a and 3.4b) of the Interior Noise Test Facility (INTF) located in the
Boeing ANP (Aerodynamic, Noise and Propulsion) Engineering Laboratory complex in Seattle.
This sidewall section includes the sidewall, floor and cargo compartment and extends over four
frame bays. Within the INTF, a reverberation chamber, with a dimension of 35 x 29 x 23 feet,
houses the source speaker system. An anechoic chamber, with a dimension of 58 x 41 x 31 feet,
was used to measure the transmitted sound through the structure.

The receiving side of the fuselage panel with the trim removed is shown in Figure 3.5a. The
smart foam tests reported here were limited to an area encompassing three frames and six
longerons as shown. The other areas were treated with acoustic foam and lead vinyl blankets to
reduce the flanking of acoustic energy via this path. The corresponding trim panels were located
over these areas as well. For all the tests the overhead baggage containers were located in
position as shown. The arrangement of smart foam elements and DV As, used to control the
sound transmission, is illustrated in Figure 3.5a. Four smart foam actuators numbered 1 through
4 were located above the window plane as shown. Four additional smart foam actuators
numbered 5 through 8 were also located along the floor line. Twelve DV As with tuned
frequencies in the frequency range of 350 -450 Hz were located as shown in Figure 3.5a. A close
up photo of the smart foam element (#2) and DVA combination located above the window line is
shown in Figure 3.5b. Note that the smart foam elements do not completely cover the panel as
desired. This is due to limitations in the number of usable control channels for a fully coupled
controller. It is observed that the lack of continuous smart foam coverage is likely to reduce the
obtained performance.

A random, diffuse sound field of approximately 100 dB over a frequency range of 100 —
1000 Hz, with a peak at 450 Hz, was set up in the reverberation chamber. A shaker was attached
to the fuselage section (on the source side) in the window belt area for the case of structural
excitation. A microphone array containing 10 microphones was installed in the anechoic

chamber. Four additional monitoring microphones were placed in the anechoic chamber at
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different heights and distances from the test panel. Several configurations of smart foam

actuators on the sidewall were tested.

An acoustical grade, partially reticulated polyurethane open cell foam, designed to give
maximum sound absorption per given thickness, provided the passive element of the smart foam.
Since passive noise reduction is only significant at high frequencies, a PVDF film was embedded
in the foam to implement the active control, which is most effective at low frequencies. The
active PVDF film forces both the fluid and solid phases of the acoustic foam. The PVDF film is
intentionally curved to couple the predominantly in-plane strain associated with the piezoelectric
effect and the out-of-plane motion, which is the dominant mechanism of radiating sound away
from the surface of the foam. Much work has been done to investigate the optimal configuration
of a smart foam actuator [3]. In this investigation, smart foam actuators were constructed with the
PVDF film curved into a half cylinder form along the length of the actuator and is embedded in

two foam halves with a spray adhesive.

3.3 DISCUSSION OF RESULTS

3.3.1 Flat, Stiffened Panel Tests

A 4x4x4 controller configuration with four input channels (e.g., error sensors), four output
channels to drive four actuators and four reference sensors (except for the ideal reference) was
used for active control tests. The bandwidth of active control was kept in the frequency range of
200 — 630 Hz. The ideal reference, taken from the wide-band noise generator, was initially used
in the active control experiments. Figure 3.6a shows a comparison of the sound field measured at
4 error microphones for control on and off conditions. With the ideal reference, significant
reduction in the noise radiated by the double panel was achieved at the 4 error sensor locations.
The noise reduction, mostly between 200 — 500 Hz, achieved at eight far field monitoring
microphones is shown in Figure 3.6b.

A practical reference sensor scheme, which involved four accelerometers mounted on the
stiffened panel, was used with the 4 x 4 x 4 controller configuration. In this setup, significant

noise reduction in the frequency range of 200 — 700 Hz was achieved at 4 far-field control
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microphone locations, see Figure 3.7a. The noise reduction at all eight monitoring microphones,
however, was confined to some of the peak pressures (Figure 3.7b).

In the next setup, four near-field microphones were used in place of far-field sensors. The
noise reduction achieved at four near-field error sensors is shown in Figure 3.8a, whereas the
noise reduction at eight far field monitoring microphone locations is illustrated in Figure 3.8b.

In the next configuration, four cavity microphones were used as reference sensors with the
same 4 x 4 x 4 controller configuration. Although significant noise reduction was achieved at
four cavity error microphones, as shown in Figure 3.9a, it did not result in any noise reduction at
eight far-field monitoring microphones (see Figure 3.9b).

In an effort to improve controller effectiveness, the control bandwidth was set in the
frequency range of 315 — 630 Hz. The noise reduction achieved at four far-field error
microphones for the case of four accelerometer reference sensors is shown in Figure 3.10. When
compared with Figure 3.7a, the noise reduction achieved at four error sensors improved
considerably due to a reduction in the control bandwidth.

These laboratory tests conducted on a double-panel system demonstrated that: (1) smart
foam actuators can provide global sound reductions of transmitted broadband noise, (2) feed-
forward control approach using realistic sensors (i.€., accelerometers) located on the base panel
can be used for broadband noise control for such systems, and (3) control voltages for smart

foam actuators were typically in the range of 30 — 50 V rms.

3.3.2 Fuselage Sidwall Tests

The flat, stiffened panel tests showed that the most effective strategy for broadband noise
reduction through double wall systems is to use a 4 x 4 x 4 controller configuration with
accelerometers mounted on the stiffened panel as error sensors. This approach was used in the
fuselage sidewall tests. The middle two frame bays of the757 sidewall section, shown in Figure
3.3, were used as the test area for active noise control. The outer two frames bays of the sidewall
section were treated with insulation, trim panel and two layers of mass fabric to reduce flanking
sound transmission through these sections.

Eight smart foam cells were placed on four sub-panels. The actuators were wired in pairs,

effectively making 4 control channels out of 8 smart foam actuators. The smart foam tests were
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conducted in several steps. First, the effectiveness of controller configuration and reference
sensors on noise reduction was investigated on the fuselage sidewall without the trim panel. The
controller performance improved by increasing the number of system ID coefficients, number of

controller coefficients and sampling frequency.

In the first case, active control tests were conducted on the fuselage sidewall with the smart
foam actuators but without the trim panel. Three accelerometers on each of the sub-panels
provided the reference signals for the controller. A marked improvement in the noise reduction or
attenuation in the control bandwidth of 200 — 800 Hz was achieved with active control over the
error sensors (see Figure 3.11). Peak attenuations of greater than 10 dB and a total of 5 dB over

the bare panel were achieved.

The trim panel was then added to the sidewall. The noise reduction achieved with 4 x 4 x 4
controller is shown in Figure 3.12. The use of four accelerometers as reference sensors with four
coupled smart foam actuators resulted in about 7 — 10 dB noise reduction over the control
bandwidth of 200 —700 Hz (see Figure 3.11). Control voltages were typically 50 — 90 V rms for

the source levels described previously.

The results for structural excitation (e.g., shaker excitation) are summarized for comparison
purposes in Figure 3.13. Significant reductions in the averaged sound pressure levels were
achieved at control microphones, with a total reduction across the 200 to 800 Hz bandwidth of
6dbB. It is again evident that the smart foam/DVA treatment leads to significant active/passive

reduction in broadband radiated sound from the 757-fuselage panel.

3.4 CONCLUSIONS

Extensive laboratory tests were conducted on several configurations of active smart foam
actuators attached to a flat stiffened panel and a stiffened fuselage sidewall. The following
conclusions may be drawn based on these tests: (1) significant improvement in noise reduction of
the test panel and the 757 fuselage section were observed for both acoustic and structural
excitations due to active control with smart foam actuators, (it) accelerometers on source plate
provide very good references for the controller, (ii1) the 4 x 4 x 4 controller configuration was

effective for achieving significant reductions at error sensors, (iv) control strategies using far-
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field microphones as error sensors lead to very good broadband attenuation, but more error
sensors/actuators would be needed to control the sound pressure over the entire receiving room at
high frequencies, (v) good attenuation at near-field microphones allows some attenuation at far-
field microphones, (vi) strategies using error microphones in cavities and accelerometers as
volume velocity sensors are not working well on the far-field attenuation at the present time;

further investigation are needed for those cases.
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